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Introduction
The reduction of environmentally harmful nitrogen oxides (NO x ), especially for these in lean-burn engine exhausts, is currently an important and challenging task for chemical researchers. [1] [2] [3] [4] Among possible solutions, selective catalytic reduction (SCR) of NO x by ammonia (NH 3 -SCR) over metal-exchanged CHA-type zeolites has attracted great attention in recent years. As the major N-containing compounds from diesel engines is NO (>90%), the 2 main reaction of NH 3 -SCR can be expressed as:
which is usually called the standard SCR. The process with equimolar mixture of NO and NO 2 , on the other hand, is named the fast SCR that reacts much faster:
Prior to zeolites, NH 3 -SCR techniques have been used with noble metals and metal oxides (e.g., V 2 O 5 -based catalysts) in stationary plants. [7] [8] [9] However, due to the toxicity of V 2 O 5 species and different catalytic conditions of automobile engines, 10 zeolites have received great attention as potential NH 3 -SCR catalysts nowadays. Among all zeolites, a majority of studies in past decade were conducted on copper exchanged small-pore CHA-type zeolites (Cu-SAPO-34 and Cu-SSZ-13) because of their high NO x conversion as well as high N 2 selectivity, non-toxicity, wider operation temperature ranges, and excellent hydrothermal stability in diesel engines. [2] [3] [4] [10] [11] [12] Cu-SSZ-13 is now in commercial use 13 and received much attention in past several years; SAPO-34 has the same topology with SSZ-13, but with different silica ratio. Kwak et al. 14 demonstrated that Cu-SSZ-13, compared with Cu-beta and Cu-ZSM-5, was more active in SCR over the entire temperature range and more selective towards nitrogen formation (less NO 2 and N 2 O by-products). Ma et al. 15 reported that Cu-SAPO-34 would be more active than Cu-SSZ-13 after hydrothermal treating.
There are two kinds of possible active sites in Cu exchanged CHA-type zeolites: the Brønsted acid (H in the zeolite framework) and Lewis acid (introduced Cu ion) sites. For the Cu sites, diffuse reflectance infrared fourier transform (DRIFT) spectroscopy and X-ray absorption spectroscopy (XAFS) showed that they would locate in both six-and eightmembered ring. 12, [16] [17] [18] Catalytic experiments of Beale et al. 19 revealed that the mononuclear Cu 2+ in six-membered rings is responsible for N 2 production, while the Cu in eight-membered 3 ring (CuAlO 2 ) appears to promote the formation of undesired N 2 O. They pointed out that the SCR activity is inexorably linked with isolated Cu on the six-membered ring. DFT calculations also indicated that isolated Cu ions prefer to lie slightly above the six-membered ring of CHA-type zeolites. 20-28 25,29-32 When Cu loading is high, Cu dimers would be formed in the zeolites, 33 yet they may not be directly related with SCR reactivity. 11 Xue et al. 34 reported that the TOF value of SCR would be a function of isolated Cu 2+ amount over Cu-SAPO-34. For Brønsted acids, it is currently not well understood what role it is in reaction system. Some studies showed that the Brønsted acid site could catalyse part of the reaction, 6, 35, 36 while others argued that its effect is rather limited.
11,25,37
The nature of Cu species during the reaction is more complicated. According to the latest research of Schneider et al. 12 the oxidation state and coordination environment of Tronconi et al., 50 however, challenged this explanation using the experimental observation that rate of NO oxidation over zeolites is much slower than the standard SCR.
In addition to above studies, numerous investigations have been carried out on NH 3 -SCR over zeolites; however, several fundamental issues about its mechanism are still not well understood due to the limitations of current experimental techniques on detecting dynamic and instant events at the molecular level. 4 The large number of possible reactions in SCR system also makes reaction pathways very complicated. Some important questions remain to forces on atoms vanish and (ii) the total energy reaches maximum along the reaction coordination but minimum with respect to the rest of the degrees of freedom. For computational efficiency, the geometrical optimization was firstly calculated by Perdew-Burke-Ernzerhof (PBE) functional; 62 all atoms were fully relaxed until the forces were lower than 0.05 eV/Å.
Then HSE06 functional was employed to obtain the accurate total energy. To obtain the free energy of species, some standard formulas of statistical mechanics were used to calculate the thermodynamic correction including zero-point-energy (ZPE), thermal energy and entropy derived from partition functions. 63,64 (see SI-1 for details).
As we mentioned in the introduction, SAPO-34 is a specific type of silicoaluminophos- 
where G zeolite , G adsorbate , and G adsorbate+zeolite are the free energies of the zeolite, adsorbate in the gas phase, and adsorbate adsorbed on the zeolite, respectively.
Results and discussion
Structure of the Cu-SAPO-34 and the adsorption of gas phase molecules
The optimized Cu-SAPO-34 supercell is displayed in Fig. 1 . Under low Cu loading content, as mentioned in the introduction, Cu was suggested to locate slightly above the six-membered ring near two Si atoms (position 1 in Fig. 1b 
69,73
Figure 1: Structural illustrations of the (a) Cu-SAPO-34 supercell; (b) periodic view of the elliptical circle in (a). Green, red, purple, yellow, brown, and white balls represent P, O, Al, Si, Cu, and H atoms, respectively. This notation will be used throughout the paper.
In reaction equations (1) and (2), the reactants of SCR are NH 3 , NO, O 2 , and NO 2 . We subsequently investigated the adsorption of these species and water on both Brønsted acid indicate that L-sites will be dominantly covered by NH 3 and a small amount of NO at the start of SCR process, and the B-site by NH 3 . It is in accordance with the generally accepted opinion that NH 3 and NO shall react on L-sites whereas B-sites sever as a NH 3 reservoir in the beginning of the reaction. 4, 74 The NH 3 on B-sites could migrate to L-sites as the reaction proceeds. Formation of the N-N bond The full mechanism of NH 3 -SCR is considerably complicated. 3, 10 Among that, N-N coupling is a crucial step towards the formation of nitrogen; therefore, it will be investigated first in this paper. Considering the valence of N in N 2 (0), the coupling of two N atoms shall come from NH 3 (-3) and NO (+2), respectively. According to this principle, we tried numerous possible reaction schemes of NO with NH 3 in order to form N-N bond, but all of them failed: a huge repulsion would occur when N in NO approaches NH 3 ; the NO would be pushed away if they are forced to be close. This is reasonable since N in NH 3 is saturated (Fig. 2a) ; therefore, the possibility of direct attacking of NO to NH 3 is ruled out. Then, in order to circumvent the problem of saturated NH 3 , we tried to remove one H from the NH 3 to form NH 2 because NH 2 is unsaturated, which would be easier for NO to react. Five positions indicated in Fig. 2a were considered to locate H after NH 3 decomposition. However, from the results in Fig. S1 , we found that all these pathways are extremely unfavourable thermodynamically; their free energies are 0.94 ∼ 1.98 eV higher than that in Fig. 2a , let alone kinetic barriers. So, it would be very difficult to directly remove one H from NH 3 .
10
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where Z indicates the zeolite. We subsequently investigated relevant intermediates and transition states of the reaction, whose structures and energies are displayed in Fig. 3 . It proves that with NO, the reaction barrier would be much lower compared with dehydrogenation of NH 3 alone. In decomposition, which will be demonstrated in the last subsection. In addition, we made a Bader analysis on Cu ion before (Z) and after (Z-H) N-N coupling reaction, finding that the valence of Cu ion changes from 1.12 to 0.69 which means that Cu 2+ is partly reduced to Cu + .
The result is quite reasonable, since we can see from the left column of Fig. 2 and schemes in Fig. 3 that before N-N coupling, Cu 2+ ion tend to coordinate with four atoms, while the coordination number of Cu + , after the reaction, becomes two (scheme H-Z-NH 2 NO in Fig.   11 3). The results agree well with the general principle in coordination chemistry. Deep insight into the valence change of Cu ion and the intrinsic reason why the reaction can happen over zeolites by such an low-energy-barrier mechanism will be presented in the discussion section. Fig. S2 (a, c) and Fig 5(b, d, f) ; for Z-NH 4 pathway, one NH 3 would adsorb first, then followed by O 2 , NO adsorption and the transition state (corresponding to structures in Fig. S2(b, d) and Fig. S3(b, d, f) ) oxidation. 11 We also considered the attacking of NO to O 2 from gas phase ( Fig. S3(a, c, e) and Fig. 5(a, c, e) ), the energy barriers of which are over 1 eV, unfavourable compared with NO and O 2 co-adsorbing on Cu site. After that, the produced NO 2 can react with its neighbouring NH + 4 (Fig. S3f or Fig. 5f with NH 3 adsorption) to form NH 4 NO 2 , leaving an O atom over the zeolite. The left O atom is very active and can readily react with NO to form NO 2 with a considerable energy decline of 2.67 eV. Therefore, the NO oxidation reaction over Cu-SAPO-34 zeolites can be expressed as follows:
NO and Cu
It is well recognized that NH 4 NO 2 is easy to stoichiometrically decompose into N 2 and H 2 O under SCR operation condition:
2,4,10,15
13 and NO is 1:1, while the oxidation states of N in them is a mismatch (-3 in NH 3 and +2 in NO). Therefore, the coupling of N-N bond in NH 3 and NO must be accompanied by the reduction of L-site (Cu 2+ −−→ Cu + ) which will be regenerated by the oxidation of O 2 .
The redox cycle explains well the experimental observation that steady state NO conversion would decrease to zero after O 2 cut-off under standard SCR conditions. 28 According to their study, the content of Cu + increases to 75-95% of the whole Cu species, and SCR reactions would be soon stopped since N-N coupling cannot happen on Cu + site.
If we consider fast SCR (reaction 2) with NO 2 involved, NO oxidation is not necessary 14 after N-N coupling and the reaction goes as follows: (Fig. S2f) .
28
After N-N coupling (equation 4) and NO oxidation (equation 6), the copper restores to Cu 2+ and the remaining reactants for standard SCR are one NO, NO 2 and two NH 3 . Interestingly, these are exactly the reactants of fast SCR (reaction 2), which would be complete through reaction 4, 8, and 7. It should be noted that we also tried another mechanism after NO oxidation, which is shown is supporting information 5.
NH 2 NO decomposition into H 2 O and N 2
The NH 2 NO formed in above stages will decompose into H 2 O and N 2 to complete the whole SCR process. Previous studies showed that it is a relatively easy process on the B-site of zeolites by a hydrogen push-pull mechanism. 35, 36 We investigated its decomposition on both Brønsted acid and Lewis acid sites, and all intermediates and transition states were identified (Fig. S5 ). It can be seen from the scheme in Fig. 6 that the configuration of NH 2 NO will change several times by the transferring of H atom, which was well recognised by previous studies. 36, 77 We firstly tried this process on the L-site (Fig. S5 ), but the energy barrier of the first step of NH 2 NO decomposition in L-acid, the proton transferring from N to O, was very high (2.03 eV). From Fig. S5b , we can see that during the intra-molecular proton transfer, an unstable four-membered ring is formed, exerting a strong steric hindrance and making L-side unfavourable for catalysing this reaction. On the other hand, energy barriers of the reactions on the B-site are moderate, making it easy to occur (the energy profile in Fig. 6 , and corresponding structures in Fig. S6 ). 
Overall mechanism
An overall picture of NH 3 -SCR over Cu-SAPO-34 is schematically illustrated in Fig. 7 . To the best of our knowledge, it is the first time that such a step-by-step reaction pathways of NH From the mechanism, we can notice that the standard SCR has to go through both NO activation (coupling with NH 3 ) and NO oxidation processes, which are closely related with 17 Comparing with Cu-SSZ-13, which is currently in commercial use and attracted most attentions in the past decades, our work represents one of few DFT studies on NH3-SCR mechanism over Cu-SAPO-34, well extending beyond what have been published on SSZ-13.
The location of active Cu site, the redox cycle of Cu + and Cu 2+ , and the coupling of N-N bond are quite similar on these two zeolites. Both NH 3 and NO are required for N-N coupling and Cu 2+ would be reduced to Cu + to complete the reduction of the redox cycle, which is in agreement with experiments. 11,28 Some notable differences, on the other hand, appear on the NH 2 NO decomposition and NO oxidation. Previous literatures suggested that the effect of Brønsted acid sites are rather limited. 11, 25, 37 It is found that the SCR activity under 473 K is not dependent on the amount of Brønsted acid sites. Based on this experimental observation, the Brønsted acid site may not be a part of SCR process, and thus it can only influence SCR activity by altering the acidity of zeolite or interacting with neighbouring Cu site. Gao et al. 17 pointed out that Brønsted acidity favors the standard NH 3 -SCR without being an essential ingredient of the active site. However, according to our results, Brønsted acid sites are necessary for NH 2 NO decomposition which is difficult to occur on Cu sites.
Through a hydrogen push-pull mechanism, we showed that Brønsted acid sites could readily catalyse the decomposition of NH 2 NO, also in agreement with some theoretical studies.
6,35,36
The fact that the SCR activity does not depend on the Brønsted acid can be reconciled by realizing that there are usually more Brønsted acid sites than Lewis acid sites in zeolites;
18
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The pathway of NO oxidation we presented in this contribution is also different from the literature works. Janssens et al. 11 suggested that NO and O 2 would react on the Cu + site to form Cu 2+ NO We can see that the NO oxidation in SCR is part of the reaction cycle rather than a isolated step; the NO oxidation alone would be slow in zeolite since most Cu site in zeolites are Cu 2+ without the SCR redox cycle, while NO oxidation is favoured only when the site is reduced to Cu + .
11
General discussion of the zeolite chemistry
In the last several decades, zeolites have been widely used in the fields of petrochemical industry, fine chemicals, and other heterogeneous reactions. [79] [80] [81] [82] As crystalline microporous materials, zeolites own many novel properties, such as species migration, ion exchange, and adsorption, which give us more efficient and cheap alternatives for some traditional catalytic reactions. The relation between the structure of Cu-SAPO-34 zeolites and activities of SCR process, however, has not been well understood. We therefore make a general discussion about its structure-activity relationship in this subsection, aiming to supplement current understandings on zeolite chemistry in general.
Starting from an isolated Cu 2+ ion, the first step of SCR is the N-N coupling between 19 why can NO be activated with such a low energy barrier? The origin lies in the special zeolite structure: in Cu-SAPO-34, the diameter of the six-membered ring is about 5 ∼ 6 Å, and the structure of transition state (Fig. 3) fits such a ring well for the N-N coupling; the whole molecule (NH 2 NO) bridges from the Cu ion to a O in the framework with a quite reasonable structure. One of H in the NH 3 will interact with this O by the hydrogen bond, thus lowering the energy of the transition state. Meanwhile, the six-membered ring will also stretch to some extent to fit the structure of transition states owing to the flexibility of zeolite framework. Moreover, the weakened N-H bond of the transition state also provides its N more space to couple with another N. These features of zeolites may partly explain their good performance on NH 3 -SCR. Therefore, it was reasonable that the N-N coupling process over Cu-SSZ-13 goes through a similar pathway since the geometrical structures of SAPO-34 and SSZ-13 are similar.
Equally important, deep insight into the redox cycle in zeolites has been achieved in this work. From Fig. 7 (Fig. 8ab) . In Fig. 8b , one H remains on the O in the framework after the N-N coupling, and most of its electron will transfer to the Cu through the framework, which eventually reduces Cu 2+ into Cu + . Moreover, isosurfaces of charge density difference before and after O 2 adsorption on these two Cu sites are presented in Fig. 8cd . It is clear from Fig. 8c In addition to the Lewis acid site (Cu ion), the last part of SCR process, the decomposition of NH 2 NO, occurs on the Brønsted acid site with moderate energy barriers. Our calculations show that the adsorption free energy of NH 2 NO on the Cu site is close to zero; therefore, it could readily transfer to Brønsted acid sites in the cage. NH 2 NO is difficult to decompose on the Lewis acid sites due to a large intra-molecular proton transfer barrier, while the Brønsted acid sites can facilitate this process by a hydrogen push-pull mechanism.
It means that Brønsted acid and Lewis acid sites collectively catalyse the reaction, and such a "multi-site" concept of catalysis is receiving increasingly attention in recent years.
64,83
Finally, both similarities and differences can be found comparing the SCR activity on 21 
Conclusion
In this work, a comprehensive investigation of NH 3 -SCR process over Cu-SAPO-34 zeolites was carried out by virtue of periodic DFT calculations using hybrid functional. Van der Waals (vdW) interactions were also considered throughout the calculation, the main conclusions of which are the following:
(i) A detailed step-by-step NH 3 -SCR mechanism over Cu-SAPO-34 was obtained with moderate energy barriers and reasonable intermediate structures.
(ii) A NO-assisted N-H bond breaking mechanism of NH 3 was determined to account for the N-N formation between NO and NH 3 . The NO is activated by binding with N in NH 3 to form NH 2 NO while one of its N-H bond is weakened. The extra H would remain at the six-membered ring of the zeolite, reducing the original Cu 2+ into Cu + .
(iii) The NO oxidation by O 2 was shown to occur on reduced Cu site (Cu + ), and the Cu + will resume to Cu 2+ after oxidation, completing the Cu 2+ /Cu + redox cycle.
(iv) A detailed decomposition mechanism of NH 2 NO in the Brønsted acid site was iden- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 tified, confirming not only its feasibility, but also a collective efforts of Brønsted acid and Lewis acid (Cu 2+ ) sites in catalysing NH 3 -SCR over Cu-SAPO-34 zeolites.
The relation of above conclusions to the structural and electronic properties of zeolites, including their special six-membered ring structure, influence of the framework H on the valence of loaded metal ion, collective efforts by Brønsted acid and Lewis acid sites, are discussed and compared with previous literatures. These features may be extended to other catalytic reactions over zeolites and would supplement current understandings on not only SCR over Cu-CHA but also on general zeolite chemistry. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
